Macrophages are the predominant innate immune cells recruited to tissues following injury or infection. These earlyresponding, pro-inflammatory macrophages play an essential role in the amplification of inflammation. However, macrophage pro-inflammatory gene expression should be tightly regulated to avert host tissue damage. In this study, we identify the Kruppel-like transcription factor 6 (KLF6)-B cell leukemia/lymphoma 6 (BCL6) signaling axis as a novel regulator of macrophage inflammatory gene expression and function. Utilizing complementary gain-and loss-of-function studies, we observed that KLF6 is essential for macrophage motility under ex vivo and in vivo conditions. Concordant with these observations, myeloid-specific deficiency of KLF6 significantly attenuates macrophage pro-inflammatory gene expression, recruitment, and progression of inflammation. At the molecular level, KLF6 suppresses BCL6 mRNA and protein expression by elevating PR domain-containing 1 with ZNF domain (PRDM1) levels in macrophages. Interestingly, pharmacological or genetic inhibition of BCL6 in KLF6-deficient macrophages completely abrogated the attenuation of pro-inflammatory cytokine/chemokine expression and cellular motility. Collectively, our observations reveal that KLF6 repress BCL6 to enhance macrophage inflammatory gene expression and function. . 2 The abbreviations used are: IBD, inflammatory bowel disease; PPAR, peroxisome proliferator-activated receptor; BMDM, bone marrow-derived macrophage; TPA, 12-O-tetradecanoylphorbol-13-acetate.
Inflammation is a pathophysiological immune response that protects the host from infection or injury (1, 2) . Monocytederived macrophages are the major innate immune cells that are recruited to the sites of inflammation (3) . These recruited macrophages play a critical role in initiation, amplification, and resolution of inflammation. During the onset of inflammation, recruited macrophages are predominantly pro-inflammatory in nature (4) . These macrophages express elevated levels of cytokines, chemokines, matrix metalloproteinases, and reactive oxygen/nitrogen species (5) . Excessive production of chemotactic agents by these pro-inflammatory macrophages helps to recruit additional inflammatory cells to the sites of infection/ injury, which results in amplification of inflammation (6) . However, newly recruited pro-inflammatory macrophages may be able to eliminate the sources of inflammation with significant tissue/organ damage (1) . Thus, unbridled activation of these pro-inflammatory macrophages is acknowledged to contribute to the pathogenesis of various disorders, including, but not limited to, sepsis, inflammatory bowel diseases (IBDs), 2 metabolic syndrome, atherosclerosis, arthritis, and autoimmune diseases (7) . However, during the resolution phase of inflammation, these originally recruited macrophages can transcriptionally reprogram to produce anti-inflammatory cytokines and mediators that contribute to tissue repair through matrix remodeling, recruitment of fibroblasts, and elimination of dead cells and debris (8 -10) . Macrophages achieve these diverse functional phenotypes by actively modulating gene expression (11) . Therefore, dynamic changes in macrophage gene expression during different phases of inflammation must be precisely governed and orchestrated by transcription factors (12) .
Activation of macrophages by cytokines or inflammatory agent such as LPS alter the expression of a large number of genes (13) . Classical pro-inflammatory macrophage activation induces expression of inflammatory cytokines and chemokines such as IL1␣, IL1␤, IL6, IL12, TNF, CCL2, and CCL3. These pro-inflammatory mediators provide a chemotactic gradient for the recruitment of additional immune cells to sites of inflammation (14) . This establishes a positive feedforward loop that leads to amplification of inflammation. However, inducible negative feedback regulators such as IB␣ and B cell lymphoma 6 (BCL6) restrain inflammatory gene expression and then bridle the process of inflammation (15) . The Bcl6 gene, originally identified as a proto-oncogene, encodes a zinc finger-containing, sequence-specific transcriptional repressor protein (16) . Studies utilizing experimental murine models indicated that a systemic deficiency of BCL6 significantly attenuated growth. Further, loss of BCL6 resulted in multiple immunological deformities, including lack of germinal center formation and spontaneous development of lethal pulmonary vasculitis as well as myocarditis (15) . Large collections of studies indicated that BCL6 represses inflammatory gene expression at the transcriptional level through interactions with other co-repressor proteins, including histone deacetylases, nuclear receptor co-repressor 2, NCOR1, BCL6 corepressor, and C-terminal binding protein (17) . Interestingly, elevated PR domain zinc finger protein 1 (PRDM1 or Blimp1) repressed BCL6 expression in a broad spectrum of cellular systems (18 -20) . Recent genomics studies revealed that deficiency of BCL6 significantly induced a large number of inflammatory genes following LPS exposure (21) . At the molecular level, BCL6 can bind to specific DNA sequences through the carboxyl terminus of Kruppel-type zinc finger motifs and recruit transcriptional co-repressors through amino-terminal interactions with proteins containing the broad-complex, tramtrack and bric a brac/poxvirus and zinc finger and second repression domain (17, 22) . However, whether Kruppel-like factor 6 (KLF6) enhances pro-inflammatory gene expression and function by regulating the BCL6 signaling pathway has not been investigated.
The Klf6 gene is a member of the zinc finger family of transcription factors that mediates various cellular processes, including proliferation, differentiation, development, and programmed cell death (23) . Alterations in its expression or function has been associated with the pathogenesis of numerous human diseases, including IBD, cancer, hepatic steatosis, and hepatic fibrosis (23) . Our previous studies indicated that KLF6 is most abundantly expressed in macrophages and significantly induced by pro-inflammatory agents such as LPS or interferon ␥ (24) . At the molecular level, KLF6 cooperates with NF-B to promote pro-inflammatory gene expression while inhibiting PPAR␥ or STAT3 function to restrain anti-inflammatory gene expression in macrophages (24, 25) . However, whether KLF6 promotes pro-inflammatory gene expression by curbing sequence-specific inducible negative feedback regulators of inflammation has not been investigated. In this study, we provide evidence that KLF6 suppresses BCL6 to enhance pro-inflammatory gene expression in macrophages. KLF6 deficiency significantly enhances basal or LPS-induced BCL6 expression at the mRNA and protein levels. Elevated BCL6 levels in KLF6deficient macrophages results in the repression of BCL6 proinflammatory cytokines, and chemokines target gene expression. This results in diminished macrophage motility and inflammation under ex vivo and in vivo conditions. Based on our observations, we propose that KLF6 is a novel transcriptional repressor of inducible negative feedback regulators of inflammation in macrophages.
Results

KLF6 Enhances Macrophage Motility ex Vivo and in Vivo-
Macrophages are the major innate immune cells recruited to sites of infection/injury that orchestrate progression of inflammation. Given the role of activated macrophages in a wide variety of chronic and acute human inflammatory disease conditions, we sought to investigate whether KLF6 regulates macrophage motility under in vivo and ex vivo conditions. Accordingly, Lyz2 cre and Lyz2 cre :KLF6 fl/fl mice were subjected to thioglycollate-induced peritonitis, and the total number of macrophages that accumulated at the site of inflammation was counted as described under "Experimental Procedures." The result indicates that deficiency of KLF6 significantly attenuated recruitment of macrophages to sites of inflammation ( Fig. 1A) . Several factors, including macrophage migration and invasion properties, could significantly affect their recruitment to sites of inflammation. Therefore, we examined whether altering KLF6 levels would affect inflammatory stimulus-induced cellular motility of macrophages. Accordingly, BMDMs derived from Lyz2 cre , Lyz2 cre :KLF6 fl/fl mice and RAW264.7 cells overexpressing KLF6 (pCI-neo-KLF6) or empty vector (pCI-neo) were stimulated with LPS and evaluated for altered cellular migration and invasion functions ( Fig. 1, B-E) . The results illustrate that deficiency of KLF6 attenuates and overexpression of KLF6 augments LPS-induced migration (Fig. 1, B and C) and invasion ( Fig. 1 , D and E) of macrophages. Taken together, our results indicate that KLF6 is required for inflammatory stimulus-induced macrophage motility.
KLF6 Augments Macrophage Recruitment to Sites of Inflammation-Solid tissue architecture and microenvironments could significantly affect macrophage motility and the progression of inflammation. The TPA-induced skin inflammation model is characterized by massive myeloid cell infiltration (26) . Therefore, to investigate whether KLF6 regulates macrophage recruitment and progression of inflammation, Lyz2 cre and Lyz2 cre :KLF6 fl/fl mice were subjected to the TPAinduced cutaneous model of inflammation. Our results demonstrate that TPA exposure significantly enhanced leukocyte infiltration, epidermal hyperplasia, interstitial edema, and tissue thickening in Lyz2 cre mice (Fig. 2 , A-C). Interestingly, all of these hallmark features of inflammation, including leukocyte infiltration, were significantly attenuated in Lyz2 cre :KLF6 fl/fl mice (Fig. 2 , A-C). Concurrently, we examined whether KLF6 deficiency affected macrophage recruitment to sites of inflammation by staining tissue sections with anti-F4/80 antibody (a macrophage-specific marker). Our results indicate that KLF6 deficiency significantly attenuated TPA-induced macrophage recruitment to sites of inflammation in Lyz2 cre :KLF6 fl/fl mice compared with Lyz2 cre mice (Fig. 2 , D and E). Next we examined tissue levels of pro-inflammatory cytokines and chemokines by ELISA analysis. Our results indicate that myeloid-KLF6 deficiency significantly attenuated TPA-induced CCL2, IL1␣, IL1␤, and IL6 levels ( Fig. 2 , F-I). Collectively, our studies indicate that KLF6 is quintessential for inflammatory stimulus-induced macrophage motility, macrophage recruitment to sites of inflammation, and the progression of inflammation.
KLF6 Enhances Pro-inflammatory Chemokine and Cytokine Expression in Macrophages-Macrophage-derived pro-inflammatory chemokines and cytokines play an essential role in the elaboration of inflammation. Our studies so far indicated that KLF6 is required for macrophage recruitment to sites of inflammation as well as progression of inflammation ( Figs. 1 and 2 ). Therefore, we examined whether amending KLF6 expression would affect LPS-induced pro-inflammatory chemokine and cytokine expression in macrophages. Accordingly, RAW264.7 cells overexpressing KLF6 or empty vector were stimulated with LPS and evaluated for pro-inflammatory chemokine and cytokine expression by quantitative PCR analysis (Fig. 3A) . The results reveal that overexpression of KLF6 significantly enhanced LPS-induced Ccl7, Il6, Il12a, and Thbs4 expression in the RAW264.7 macrophage cell line ( Fig. 3A) . To evaluate the effects of KLF6 deficiency on inducible pro-inflammatory chemokine/cytokine expression, we utilized BMDMs derived from myeloid-specific KLF6-null (Lyz2 cre :KLF6 fl/fl ) and control (Lyz2 cre ) mice. Concordant with our overexpression studies ( Fig. 3A ), deficiency of KLF6 significantly attenuated LPS-induced Ccl7, Il6, Il12a, and Thbs4 expression in primary macrophages ( Fig. 3B ). Taken together, these results implicate a critical role for KLF6 in macrophage pro-inflammatory chemokine/cytokine gene expression, cellular migration, and macrophage recruitment to sites of inflammation ( Figs. 1-3 ).
KLF6 Represses BCL6 Expression in Macrophages by Elevating PRDM1-Previous studies have demonstrated that BCL6 is required for macrophage quiescence and repression of the proinflammatory response (21) . Interestingly, deficiency of BCL6 significantly elevated LPS induced pro-inflammatory chemokines and cytokines, including gene targets that are attenuated in KLF6-deficient macrophages (21, 24) . Therefore, we hypothesized that KLF6 enhances pro-inflammatory gene expression by repressing BCL6 expression in macrophages. To test this hypothesis, RAW264.7 cells overexpressing KLF6 (pCI-neo-KLF6) or empty vector and BMDMs derived from Lyz2 cre and Lyz2 cre :KLF6 fl/fl mice were stimulated with LPS. Total RNA from these experiments was analyzed for Bcl6 expression (Fig.  4, A and B) . Our results indicate that overexpression of KLF6 significantly attenuated LPS-induced Bcl6 expression in the RAW264.7 macrophage cell line ( Fig. 4A ). Concordant with this observation, deficiency of KLF6 significantly elevated LPSinduced Bcl6 expression in Lyz2 cre :KLF6 fl/fl BMDMs (Fig. 4B ). Concurrently, we examined whether these observations were recapitulated at the protein level ( Fig. 4C ). Our results indicate that LPS stimulation significantly elevated BCL6 protein expression in Lyz2 cre :KLF6 fl/fl BMDMs (Fig. 4C , fourth lane) compared with Lyz2 cre BMDMs ( Fig. 4C , third lane). Subsequently, we evaluated whether KLF6 regulates LPS-induced BCL6 expression by directly occupying KLF6 binding sites on the BCL6 promoter. However, our KLF6-ChIP analysis results indicated that LPS stimulation did not enrich KLF6 on any putative binding sites on the BCL6 promoter (data not shown). Recent studies have indicated that PRDM1 (Blimp1) represses BCL6 expression in numerous cell types (18 -20) . Therefore, we examined whether KLF6 regulates PRDM1 by enriching on its promoter following LPS stimulation. Interestingly, the KLF6-ChIP analysis results revealed that LPS stimulation of wild-type BMDMs significantly induced KLF6 occupancy on the PRDM1 promoter (Ϫ1616 to Ϫ1463) compared with the vehicle control group (Fig. 4D ). Based on these observations, we hypothesized that KLF6 represses BCL6 expression by up-regulating PRDM1 expression in macrophages. To evaluate this hypothesis, BMDMs derived from Lyz2 cre , Lyz2 cre :KLF6 fl/fl mice and RAW264.7 cells overexpressing KLF6 or empty vector were stimulated with LPS. The total RNA derived from these experiments was examined for Prdm1 expression ( Fig. 4 , E and F). The results revealed that overexpression of KLF6 significantly enhanced LPS induced Prdm1 expression in RAW264.7 cells ( Fig. 4E ). Consistent with this observation, loss of KLF6 FIGURE 1. KLF6 is required for macrophage motility. A, Lyz2 cre and Lyz2 cre :KLF6 fl/fl mice were subjected to thioglycollate-induced peritonitis. Responding inflammatory cells from the peritoneal cavity were harvested using sterile 1ϫ PBS, and the number of macrophages (CD11b ϩ /SiglecF Ϫ /Ly6G Ϫ ) was quantified. This experiment was performed three times with similar results. B-E, BMDMs derived from Lyz2 cre and Lyz2 cre :KLF6 fl/fl mice (B and D) and RAW264.7 cells transfected with the pCI-neo-KLF6 or pCI-neo plasmids (C and E) were stimulated with 100 ng/ml LPS for 4 h. These cells were added to the upper chamber of migration or invasion tissue culture inserts and incubated for 18 h. The number of cells migrated (B and C) or invaded (D and E) across the membrane in control group (untreated Lyz2 cre BMDMs or RAW264.7 cells transfected with pCI-neo plasmids) was assigned as 100%, and -fold changes over this are indicated. Each experiment was performed three times with four replicates. The box plot represents the median with first and third quartiles, and whiskers represent minimum/maximum. Graphs represent mean Ϯ S.D. *, p Յ 0.05; N.S., not significant. p Ͻ 0.05 between indicated groups is considered significant.
completely abolished LPS-induced Prdm1 expression in Lyz2 cre :KLF6 fl/fl BMDMs (Fig. 4F ). Simultaneously, we investigated whether these observations were emulated at the protein level (Fig. 4G ). The results revealed that LPS-induced PRDM1 protein expression was completely attenuated in Lyz2 cre : KLF6 fl/fl mice BMDMs (Fig. 4G , fourth lane) compared with Lyz2 cre BMDMs (Fig. 4G, third lane) .
Next we examined whether KLF6 enhanced pro-inflammatory gene expression is PRDM1-dependent. Accordingly, RAW264.7 cells were overexpressed with KLF6 in the presence or absence of siRNA specifically targeting PRDM1 expression ( Fig. 4 , H-K). As anticipated, overexpression of KLF6 significantly attenuated LPS-induced Bcl6 expression in RAW264.7 cells ( Fig. 4H, fourth box) . Importantly, silencing of Prdm1 significantly enhanced LPS-induced Bcl6 mRNA expression ( Fig.  4H, sixth box) . Compellingly, overexpression of KLF6 did not diminished Bcl6 elevation in attenuation of Prdm1 expression ( Fig. 4H, eighth box) . These results conclusively demonstrate that KLF6 suppress Bcl6 expression in a PRDM1-dependent manner. Further, analysis of pro-inflammatory target genes of KLF6 indicates that overexpression of KLF6 significantly elevated LPS-induced Il1␣, Il1␤, and Il6 expression ( Fig. 4 , I-K, FIGURE 2 . KLF6 enhances macrophage recruitment to sites of inflammation. A-C, Lyz2 cre and Lyz2 cre :KLF6 fl/fl mice were subjected to TPA-induced cutaneous inflammation. Control and TPA-treated tissues from these mice were stained with hematoxylin and eosin (A). The CellProfiler Analyst software was utilized to quantify epithelial cell thickness (B) and total tissue thickness (C) of control and TPA-treated mice. D and E, control and TPA-treated mouse tissues were subjected to immunohistochemical analysis using anti-F4/80 antibody to detect macrophage infiltration (D). These immunohistochemical images were utilized for quantification of macrophage number by NIS-Elements imaging software (E). n ϭ 5 mice/group. F-I, tissue levels of CCL2, IL1␣, IL1␤, and IL6 were analyzed by Quantikine ELISA kit and normalized to tissue weight. This experiment was repeated three times. Scale bars ϭ 100 m. Graphs represent mean Ϯ S.D. Box plots represent the median with first and third quartiles, and whiskers represent minimum or maximum. *, p Յ 0.05. p Ͻ 0.05 between indicated groups is considered significant. fourth box). Attenuation of Prdm1 expression significantly diminished LPS-induced Il1␣, Il1␤, and Il6 expression ( Fig. 4 , I-K, sixth box). Interestingly, deficiency of Prdm1 in KLF6overexpressing cells completely abrogated the inductive effects of KLF6 on Il1␣, Il1␤, and Il6 expression following LPS stimulation ( Fig. 4 , I-K, eighth box). We confirmed silencing of KLF6 ( Fig. 4L , in Lyz2 cre :KLF6 fl/fl mouse BMDMs) overexpression of KLF6 ( Fig. 4M , in RAW264.7 cells) and silencing of PRDM1 ( Fig. 4N , in RAW264.7 cells) at the protein level by Western blotting analysis. Taken together, our results are the first to reveal that pro-inflammatory transcription factor KLF6 represses LPS-induced BCL6 expression and induce pro-inflammatory gene expression by elevating PRDM1 expression in macrophages.
Diminished Chemokine/Cytokine Expression in KLF6-null Macrophages Are BCL6-dependent-Our results so far indicated that KLF6 suppresses BCL6 expression in macrophages. BCL6 is known to repress pro-inflammatory chemokine and cytokine expression in macrophages (21) . Therefore, we investigated whether attenuation of pro-in-flammatory chemokine and cytokine expression in KLF6deficient macrophages is BCL6-dependent. Accordingly, BMDMs derived from Lyz2 cre and Lyz2 cre :KLF6 fl/fl mice were nucleofected with BCL6-specific siRNA or control siRNA. Cells with a more than 80% reduction in Bcl6 mRNA levels were utilized for these studies. These cells were stimulated with LPS, and the expression of pro-inflammatory chemokines/cytokines that are the direct targets of KLF6 was evaluated by quantitative PCR analysis. We confirmed a reduction in BCL6 (Fig. 5G ) at the protein level by Western blotting analysis. Our results indicate that deficiency of KLF6 significantly attenuated LPS-induced pro-inflammatory chemokine Ccl2 and Ccl7 expression in macrophages (Fig. 5, A and  B) . Interestingly, loss of BCL6 in KLF6-null macrophages strongly reversed attenuated Ccl2 and Ccl7 expression following LPS exposure (Fig. 5, A and B) . Next, we examined whether attenuation of pro-inflammatory cytokine expression in KLF6-null macrophages is BCL6-dependent ( Fig. 5, C-F) . The results illustrate that deficiency of KLF6 significantly attenuated LPS-induced Il1␣, Il1␤, Il6, and Il12a expression in macrophages ( Fig. 5, C-F) . Intriguingly, loss of BCL6 in KLF6-null macrophages completely reversed attenuated Il1␣, Il1␤, Il6, and Il12a expression following LPS stimulation ( Fig. 5, C-F) .
To further corroborate these observations, we utilized a pharmacological approach to block BCL6 function in macrophages. Accordingly, BMDMs derived from Lyz2 cre and Lyz2 cre : KLF6 fl/fl mice were treated with a BCL6 inhibitor, 79-6 (27) and subsequently stimulated with LPS ( Fig. 6, A-E) . The total RNA derived from these experiments was assessed for expression of pro-inflammatory chemokine and cytokine expression by quantitative PCR analysis. As anticipated, our results revealed that a deficiency of KLF6 significantly attenuated LPS-induced Ccl2, Il1␣, Il1␤, Il6, and Il12a expression in Lyz2 cre :KLF6 fl/fl BMDMs (Fig. 6, A-E) . Concordant with previous observations (Fig. 5 ), pharmacological inhibition of BCL6 in KLF6-deficient macrophages completely reversed attenuated Ccl2, Il1␣, Il1␤, Il6, and Il12a expression following LPS stimulation (Fig. 6 , A-E). Taken together, our results reveal that attenuation of pro-inflammatory chemokine/cytokine expression in KLF6deficient macrophages is BCL6-dependent.
KLF6-BCL6 Signaling Regulates Macrophage Motility-Our studies so far indicated that a deficiency of KLF6 significantly attenuated pro-inflammatory chemokine/cytokine expression and cellular motility in macrophages. Further, we established that the elevated BCL6 expression in KLF6-null macrophages suppresses chemokine/cytokine expression following LPS stimulation. Therefore, we investigated whether the diminished cellular migration and invasion observed in KLF6-null macrophages are BCL6-dependent. Accordingly, BMDMs derived from Lyz2 cre and Lyz2 cre :KLF6 fl/fl mice were nucleofected with BCL6-specific siRNA or control siRNA separately. These cells were stimulated with LPS and subjected to cellular migration and invasion function analysis (Fig. 7, A and B) . As demonstrated above (Fig. 1, B and D) , deficiency of KLF6 significantly curtailed LPS-induced macrophage migration and invasion (Fig. 7, A and B) . Compellingly, loss of BCL6 expression in KLF6-null macrophages completely reversed attenuated cellular migration and invasion (Fig. 7, A and B) . To further were stimulated with 100 ng/ml LPS for 4 h. Total RNA from these experiments was collected, and cDNA was analyzed for expression of Ccl7, Il6, Il12a, and Thbs4 by quantitative PCR and normalized to 36B4. Each experiment was performed four times with three replicates in each group. Graphs represent mean Ϯ S.D. *, p Յ 0.05. p Ͻ 0.05 between indicated groups is considered significant. SEPTEMBER 30, 2016 • VOLUME 291 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 21275 confirm these observations, BMDMs derived from Lyz2 cre and Lyz2 cre :KLF6 fl/fl mice were treated with a BCL6-specific inhibitor, 79-6, and subjected to LPS-induced cellular migration and invasion analysis (Fig. 7, C and D) . Consistent with genetic inhibition studies, pharmacological blockade of BCL6 in KLF6-deficient macrophages completely reversed diminished cellular migration and invasion (Fig. 7, C and D) . Taken together, our results reveal that the attenuation of cellular motility observed in KLF6-deficient macrophages is BCL6-dependent.
KLF6 Regulates Macrophage Motility and Inflammation
Discussion
Our discoveries are the first to identify that KLF6 enhances macrophage-mediated inflammation by suppressing the expression of an inducible, sequence-specific negative feedback A and B) and protein (C) levels was analyzed by quantitative PCR and Western blotting, respectively. D, BMDMs derived from wild-type mice were stimulated with 100 ng/ml LPS for 4 h. The ChIP analysis was performed on the PRDM1 promoter (Ϫ1616 to Ϫ1464) utilizing anti-KLF6 antibody or isotype-specific IgG. E-G, RAW264.7 cells transfected with pCI-neo-KLF6 or pCI-neo plasmids (E) and BMDMs derived from Lyz2 cre and Lyz2 cre :KLF6 fl/fl mice (F) were stimulated with 100 ng/ml LPS for 4 h. Expression of PRDM1 at the mRNA (E and F) and protein (G) level were analyzed by quantitative PCR and Western blotting, respectively. H-K, RAW264.7 cells transfected with pCI-neo-KLF6 or pCI-neo plasmids were co-transfected with siControl or siPrdm1 siRNA. These cells were stimulated with 100 ng/ml LPS for 5 h and evaluated for Bcl6, Il1␣, Il1␤, and Il6 expression by quantitative PCR analysis. L, expression of KLF6 levels in Lyz2 cre and Lyz2 cre :KLF6 fl/fl mouse BMDMs was analyzed by Western blotting. M, overexpression of KLF6 in RAW264.7 cells was analyzed by Western blotting. N, PRDM1 protein expression levels in RAW264.7 cells following siPrdm1 siRNA transfection were analyzed by Western blotting. 36B4 and ␤-Actin were used as the housekeeping genes for quantitative PCR and Western blotting analysis, respectively. Each experiment was performed four times. Quantitative PCR and ChIP analyses contained three replicates in each experiment. Western blots were subjected to densitometry analysis utilizing Quantity One 1-D analysis software and normalized to ␤-Actin. Graphs represent mean Ϯ S.D. Box plots represent the median with first and third quartiles, and whiskers represent minimum/maximum. *, p Յ 0.05; N.S., not significant. p Ͻ 0.05 between indicated groups is considered significant.
regulator such as BCL6. Inhibition of BCL6 completely reversed attenuated pro-inflammatory chemokine/cytokine expression and cellular motility in KLF6-deficient macrophages. The key findings of this study are as follows: KLF6 enhances macrophage mobility under ex vivo and in vivo conditions; KLF6 promotes macrophage recruitment to sites of inflammation and progression of inflammation; KLF6 heightens LPS induced pro-inflammatory chemokine/cytokine expression in macrophages; KLF6 suppresses LPS-induced BCL6 expression in macrophages; KLF6 induces PRDM1 expression by directly enriching its promoter; KLF6 elevates pro-inflammatory gene expression in a PRDM1-dependent manner; pharmacological or genetic inhibition of BCL6 in KLF6-deficient macrophages reverses diminished pro-inflammatory cytokine and chemokine expression; and blockage of BCL6 completely abrogates the attenuation of cellular motility observed in KLF6-null macrophages. Collectively, these find-ings indicate that KLF6 boosts inflammation by suppressing BCL6 expression in macrophages (Fig. 8) .
Monocyte-derived macrophages are essential components of the innate immune system and play a central role in the pathogenesis of inflammation. A number of transcription factors are implicated in the regulation of inflammation in a signal-specific manner (28) . Our studies are the first to define a role for KLF6 in macrophage inflammatory gene expression and polarization function (24) . Originally, KLF6 was discovered and cloned by screening human placental DNA-binding proteins that interact with a core promoter element on a solid support (29) . Further, studies from several laboratories indicated that KLF6 is expressed in multiple tissues, including lung, liver, skeletal muscle, kidney, placenta, and heart. Similarly, KLF6 dysfunction has been associated with a broad spectrum of disease conditions (23) . Further, recent human studies have revealed elevated KLF6 expres-
FIGURE 5. Inhibition of BCL6 reverses suppression of pro-inflammatory chemokine/cytokine expression in KLF6-deficient macrophages.
A-F, BMDMs derived from Lyz2 cre , Lyz2 cre :KLF6 fl/fl mice were nucleofected with BCL6-specific siRNA or control siRNA. These cells were stimulated with 100 ng/ml LPS for 4 h. Total RNA from these experiments was collected, and cDNA was analyzed for expression of Ccl2 (A), Ccl7 (B), Il1␣ (C), Il1␤ (D), Il6 (E), and Il12a (F) by quantitative PCR and normalized to 36B4. G, BCL6 protein expression levels in BMDMs following siBcl6 siRNA transfection were analyzed by Western blotting. Western blots were subjected to densitometry analysis utilizing Quantity One 1-D analysis software and normalized to ␤-Actin. Each experiment was performed four times with six replicates. Graphs represent mean Ϯ S.D. Box plots represent the median with first and third quartiles, and whiskers represent minimum/maximum. *, p Յ 0.05; N.S., not significant. p Ͻ 0.05 between indicated groups is considered significant. sion in several chronic inflammatory disease conditions, including psoriasis and IBD (25, 30) . Our studies have conclusively documented that KLF6 promotes pro-inflammatory gene programming in macrophages (24, 25) . Myeloidspecific deficiency of KLF6 attenuated pro-inflammatory gene expression in experimental murine models of inflammation (25) . Further, other independent studies have recapitulated our observations (31) . This study revealed that KLF6 is essential for macrophage migration and invasion functions. Deficiency of KLF6 significantly attenuated LPSinduced macrophage motility under ex vivo and in vivo conditions. Evaluation of protective and pathogenic macrophage populations indicated that macrophage recruitment is fundamental in amplification to the resolution of inflammation. To this end, our investigation conclusively documents that KLF6 deficiency significantly attenuates macrophage recruitment to sites of inflammation.
The transcriptional control of inducible inflammatory gene expression requires the coordinated regulation of multiple transcription factors, co-activators, and repressors. Mononuclear phagocytes are transcriptionally dynamic throughout the processes of inflammation (13) . During initiation of inflammation, transcriptionally quiescent monocytes are recruited to the site of inflammation and differentiate into activated inflamma-tory macrophages (32) . Macrophage activation is a pathophysiological event that requires de novo expression of numerous signaling molecules, cytokines, and growth factors (12) . Our studies revealed that a deficiency of KLF6 significantly attenuated pro-inflammatory chemokine/cytokines, including CCL2, CCL7, IL1␣, IL1␤, IL6, and IL12a. Further, diminished expression of these inflammatory agents in myeloid-KLF6-null mice may also contribute to reduced macrophage recruitment and significantly diminished adverse effects of inflammation. Concordant with these observations, studies from our group and others have indicated that elevated levels of myeloid-KLF6 are associated with adverse outcomes in human and experimental models of inflammatory disease conditions (25, 30) . Studies from numerous laboratories implicated that transcription factors such as STATs, NF-B, interferon regulatory factors, HIF-1␣, AP-1, and PPARs play a critical role in the regulation of inflammatory gene expression in macrophages (7) . Investigations from our group and others have indicated that KLF6 actively cooperates with NF-B to induce pro-inflammatory gene expression and antagonize PPAR␥ or STAT3 to suppress anti-inflammatory gene expression in macrophages (24, 25, 31) . Taken together, our studies, for the first time, reveal that KLF6 is essential for macrophage motility, recruitment to sites of inflammation, pro-inflammatory chemokine/cytokine expression, and progression of inflammation.
It is well established that the induction of inflammatory gene expression is essential for host defense during infection or injury (2) . Our studies reveal that KLF6 is one such transcription activator of pro-inflammatory gene expression in macrophages. Importantly, KLF6 sustains pro-inflammatory gene expression in macrophages by inducing PRDM1. However, it is important to curb pro-inflammatory gene expression in a timely manner to limit the detrimental effects of inflammation. Generally, inhibition of inflammatory gene expression in macrophages is achieved through basal or inducible repressors (12) . BCL6 is one such inducible, sequence-specific repressor of inflammatory gene expression in macrophages (15, 21) . Studies from multiple laboratories indicated that a deficiency of BCL6 dramatically elevated basal and inducible pro-inflammatory chemokine and cytokine expression in macrophages (17, 21, 24) . Specifically, studies from Barish et al. (21, 33) revealed that BCL6 represses one-third of the NF-B target genes induced by LPS in a nuclear receptor co-repressor 2/nuclear receptor corepressor 1-dependent manner. Our recent studies revealed that KLF6 enhances basal as well as LPS/IFN␥-induced NF-B transcriptional activity in macrophages (24, 25) . Consistent with these observations, overexpression of KLF6 enhanced and deficiency of KLF6 attenuated LPS-induced NF-B target gene expression in macrophages. Taken together, the KLF6-BCL6 signaling axis works upstream of NF-B signaling to regulate pro-inflammatory gene expression in macrophages. In parallel with these observations, our studies reveal that deficiency of KLF6 enhances BCL6 expression in macrophages. This resulted in attenuation of pro-inflammatory cytokine and chemokine expression in KLF6-null macrophages. Interestingly, across different cellular systems, PRDM1 is known to suppress BCL6 expression (18 -20) . Indeed, our studies illustrate that KLF6 induces PRDM1 expression by directly enriching its promoter. Further, diminished expression of PRDM1 in KLF6-null macrophages resulted in elevated BCL6 expression. A study from Barish et al. (33) indicated that myeloid-Bcl6 deficiency significantly accelerated the progression of inflammatory disease conditions such as atherosclerosis. Consistent with these observations, our study demonstrated that elevated BCL6 levels in KLF6-null macrophages significantly attenuated pro-inflammatory gene expression and cellular motility. We discovered that blockade of BCL6 in KLF6-null macrophages reversed proinflammatory gene expression as well as cellular migration and invasion functions. Collectively, our study reveals that KLF6 enhances inflammation by suppressing BCL6 expression in macrophages.
In summary, the in vitro, ex vivo, and in vivo observations presented here emphasize the importance of KLF6 in macrophage cytokine/chemokine gene expression and amplification of inflammation. This study is the first to identify that KLF6 elevates pro-inflammatory gene expression by suppressing BCL6 expression in macrophages. Further, loss of BCL6 completely reversed attenuated inflammatory phenotypes in KLF6null macrophages. Taken together, our studies uncover a novel KLF6-BCL6 signaling pathway that regulates inflammatory gene expression and progression of inflammation, which can be implicated in a broad spectrum of human chronic and acute inflammatory disease conditions. right ear was treated with TPA twice at an interval of 24 h (2.5 g of TPA in 20 l of acetone). The left ear was treated similarly with acetone alone and served as a vehicle control. The mice were euthanized 24 h after the second TPA application. The ear tissues were collected and fixed with 4% paraformaldehyde to perform hematoxylin and eosin staining to examine histological changes. Further, ear tissues were subjected to immunohistochemical analysis using F4/80 antibody to detect macrophage infiltration and quantification. Images were acquired at room temperature using a Leica-DM2000LED microscope (ϫ20 objective with 0.4 numerical aperture) equipped with a QImaging camera (model 01-RGB-HM-S) supported with QCapture Pro image and analysis software. Immunohistochemical images were quantified using the CellProfiler Analyst software (BROAD Institute) and NIS-Elements imaging software (Nikon, Melville, NY). The total number of macrophages per field was expressed as the average of total macrophage cell counts in five fields of 100 m 2 . No experimental animal or data from the experiment were excluded from analyses.
Macrophage Migration and Invasion Assay-Bone marrowderived macrophages from control (Lyz2 cre ) and myeloid KLF6null (Lyz2 cre :KLF6 fl/fl ) mice or RAW264.7 cells transfected with pCI-neo or pCI-neoKLF6 (Addgene, Cambridge, MA) were exposed to 100 ng/ml LPS for 4 h on cell culture plates. These cells were detached and added to the upper wells of a Boydentype migration chamber. To examine macrophage invasive and migratory properties, cells with the indicated treatment were added to the upper wells of Boyden chamber coated with or without basement membrane extracellular matrix extract, respectively. The lower chambers were filled with DMEM consisting of 5% FBS to provide a chemotactic gradient. These chambers were placed in a humidified incubator for 18 h at 37°C supplemented with 5% CO 2. Following incubation, cells in the upper wells were removed by cotton swab, and the migrated cells on the lower side of the filter were stained with trypan blue dye to test cell viability. Further, these cells were fixed and stained with Giemsa. The migrated cells on the filter were counted under an inverted microscope (Leica). The number of cells migrated or invaded in the control group (unstimulated Lyz2 Cre BMDMs or RAW264.7 cells transfected with the pCI-neo plasmid) were assigned as 100%, and the relative percentages of -fold changes are indicated.
RNA Extraction, Reverse Transcription, and Real-time Quantitative PCR Assay-Total RNA was isolated from the indicated cell types after completion of the specified treatment using the High Pure RNA Isolation Kit (Roche Life Science, Indianapolis, IN). One microgram of total RNA was used for reverse transcription using Moloney Murine Leukemia Virus reverse transcriptase (New England Biolabs, Ipswich, MA) in the presence of random hexamers and oligo(dT) primers (Thermo Fisher Scientific). The resulting cDNA was subjected to real-time quantitative PCR using gene-specific primers and universal SYBR Green PCR Master Mix on a Step One Plus real-time PCR system (Applied Biosystems, Foster City, CA).
Transient Transfection, Western Blotting, and Chromatin Immunoprecipitation-RAW264.7 cells were transiently transfected with the indicated nucleotide with Lipofectamine transfection reagents as specified by the instructions of the manu-facturer. Similarly, BMDMs were transiently transfected with the indicated siRNA utilizing the Amaxa mouse macrophage Nucleofector kit according to the instructions of the manufacturer. Western blotting for the indicated proteins was performed as described before (24) . Briefly, the indicated cell types were lysed using radioimmunoprecipitation lysis buffer (Sigma-Aldrich) supplemented with a protease and phosphatase inhibitor mixture tablet (Roche Applied Science) following the specified treatments. Equal quantities of total protein were separated by SDS-PAGE and transferred to nitrocellulose membrane (EMD Millipore). These nitrocellulose membranes were incubated with primary antibody against ␤-Actin, KLF6, BCL6, or PRDM1 (1:1000 dilution), and HRP-conjugated goat antirabbit IgG was used as a secondary antibody (1:5000 dilution).
Western blotting x-ray films were aligned on a nitrocellulose membrane to highlight the position of molecular weight markers. Further, Western blots were subjected to densitometry analysis utilizing Quantity One 1-D analysis software (Bio-Rad) and normalized to ␤-Actin expression.
Chromatin immunoprecipitation analyses were performed using the EZ-Magna ChIP G kit (Millipore Corp.) according to the instructions of the manufacturer. Briefly, BMDMs derived from wild-type mice were stimulated with LPS. Chromatin immunoprecipitations were performed using anti-KLF6 antibody (Sc-7158, lot C1710). Chromatin samples from these experiments were analyzed by real-time quantitative RT-PCR. Chromatin immunoprecipitation performed using isotype IgG was used as a negative control.
Statistical Analysis-Data are presented as mean Ϯ S.D. in bar diagrams and minimum to maximum in box-whisker plots. The statistical significance of differences between two groups with normal sample distributions was analyzed using Student's t test, and without normal sample, distributions were analyzed using Mann-Whitney U test. p Ͻ 0.05 was considered statistically significant.
